The biological effects of high charge and energy (HZE) particle exposures are of interest in space radiation protection of astronauts and cosmonauts, and estimating secondary cancer risks for patients undergoing Hadron therapy for primary cancers. The large number of particles types and energies that makeup primary or secondary radiation in HZE particle exposures precludes tumor induction studies in animal models for all but a few particle types and energies, thus leading to the use of surrogate endpoints to investigate the details of the radiation quality dependence of relative biological effectiveness (RBE) factors. In this report we make detailed RBE predictions of the charge number and energy dependence of RBE's using a parametric track structure model to represent experimental results for the low dose response for chromosomal exchanges in normal human lymphocyte and fibroblast cells with comparison to published data for neoplastic transformation and gene mutation. RBE's are evaluated against acute doses of γ-rays for doses near 1 Gy. Models that assume linear or non-targeted effects at low dose are considered. Modest values of RBE (<10) are found for simple exchanges using a linear dose response model, however in the non-targeted effects model for fibroblast cells large RBE values (>10) are predicted at low doses <0.1 Gy. The radiation quality dependence of RBE's against the effects of acute doses γ-rays found for neoplastic transformation and gene mutation studies are similar to those found for simple exchanges if a linear response is assumed at low HZE particle doses. Comparisons of the resulting model parameters to those used in the NASA radiation quality factor function are discussed.
Introduction
Estimating high LET radiation carcinogenesis risk is of interest in studies of normal tissue damage in Hadron cancer therapy with protons, carbon and other heavy ion beams, and space radiation protection during space travel. The high charge and energy (HZE) particles of galactic cosmic rays (GCR) include particles from hydrogen to nickel over a broad energy range and through nuclear interactions a significant secondary radiation dose occurs most importantly neutrons [1] [2] [3] . Major challenges for high LET risk estimation are the absence of human epidemiology data, and the quantitative and qualitative differences in their biological effects compared to low LET radiation found in experimental studies with murine or cell culture models [1, 2] . GCR dose-rates in tissue vary from 0.08 to 0.2 Gy per over the 11-year solar cycle with less than 0.05 Gy/y from HZE particles [1] [2] [3] [4] [5] . In Hadron therapy with carbon beams an RBE for cell killing is applied such that the dose per fraction of less than 1 Gy often occurs, while a large range of total doses overall fractions (0 to >10 Gy) occur in normal tissues away from tumor sites [6, 7] . Mechanisms of biological damage are likely distinct at high dose compared to low dose, and the smaller signal at low dose is a major obstacle for animal experiments to be performed with statistically significant sample sizes.
Very few animal studies of dose responses for tumor induction from HZE particles have been reported [8] [9] [10] [11] [12] [13] [14] . These studies have been limited by the number of particles and energies used, while most studies have been carried out at medium to high doses (>0.1 Gy). Chromosomal aberrations (CA), including simple and complex exchanges [15] [16] [17] [18] [19] [20] , gene mutation [21] [22] [23] [24] and neoplastic transformation [25] have been used as surrogate endpoints to investigate radiation quality effects related to cancer risk estimation. Previously we have shown that human peripheral blood lymphocyte (PBL) cells follow a linear dose response for simple exchanges following HZE particle irradiation for doses as low as 0.01 Gy, which corresponds to less than 1 in 5 particle traversal per cell for the 16 O, 28 Si, and 56 Fe particles considered [26] . CA in lymphocytes cells showed radiation quality dependence that deviated from a simple dependence on LET [18] consistent with track structure models of other endpoints (reviewed in [27] ), which suggest that biological effects depend on particle charge and kinetic energy and not LET alone. In contrast to lymphocyte cells, normal human fibroblast cells have a low dose response for HZE particles that was best fit with a supra-linear dose response model, suggesting that non-targeted effect (NTE) mechanisms are at play. NTEs are important at doses corresponding to less than 1 particle traversal per cell (<0.2 Gy), with a linear response accurate at higher doses (0.2 to 1 Gy) [26] . Because fundamental to radiation protection is the assumption of a linear dose response, including defining quality factors based on data for relative biological effectiveness (RBE) factors [15, 16] , the non-linear dose response has important implications at the doses most likely to occur in space radiation exposures and the doses in normal tissues at risk for secondary cancers in Hadron therapy.
Traditionally, radiation protection has used radiation quality factors or radiation weighting factors based on subjective assessments of the experimental quantity RBE max , which compares low dose particle exposures to low dose and dose-rate γ-rays [15, 16] in model biological systems. The large uncertainties in RBE max observed in various experiments are due in large part to the ineffectiveness of low dose and dose-rate γ-rays, and hence the large uncertainties in determining their biological effects [27] [28] [29] [30] [31] [32] . Therefore for RBE assessments and defining the radiation quality factor function to be used in radiation protection, the NASA approach considers acute γ-ray dose response fit to a linear response at doses near 1-Gy as the reference radiation [28, 29] . In this report we analyze CA data in human fibroblast and lymphocyte cells using a parametric track structure model that follows the functional form used in the NASA radiation quality factor function [27] [28] [29] . The radiation quality dependence of RBEs for chromosomal aberrations is analyzed and compared to results for RBEs for studies of neoplastic transformation and gene mutation.
Methods
All experimental data for chromosome aberrations were previously published with the exception of data for 48 Ti particles in the hTERT immortalized 82-6 human normal skin fibroblasts cells described previously [26] , which are reported here (S1 Table) . These data are collected in identical fashion to our previous report [26] using the premature chromosome condensation technique to collect chromosomes in the G2/M phase of the cell cycle. In these experiments using chromosome painting of chromosomes 1, 2 and 4, the frequency of aberrations in the painted chromosomes was evaluated as the ratio between aberrations scored and total cells analyzed with standard errors calculated assuming Poisson statistics [19, 26] . Simple exchanges include translocations and dicentrics, while complex exchanges were scored as exchanges involving a minimum of three breaks in two or more chromosomes [19, 26] .
The area of the cell nucleus for human fibroblast and lymphocyte cells were determined to be 162 μm 2 and 30 μm 2 , respectively [26] . Using the relationship between LET (L, in keV/μm), absorbed dose (D, in Gy) and fluence (F, in μm 2 ) while ignoring the contributions from deltarays in cells not traversed by particles [33] , the mean number of particle hits per cell nucleus (H) is given by:
Using a generalized linear model, the number of exchanges per cell (Y) was fit to linear and non-targeted effect (NTE) models, as described by the following equations:
where Y 0 is the estimated number of simple or complex exchanges per cell at a dose of 0 Gy, σ is the biological action cross section as described below, I is the indicator function that irradiation occurred, and η represents the non-targeted effects coefficient, which is parameterized as a function of LET by:
The NTE2 model further takes into account that as dose is increased, fewer cells are bystanders and more cells have particle tracks. For the 82-6 fibroblast cells, both linear and NTE models were evaluated for simple exchanges [26] . On the contrary, only linear dose response models for simple and complex exchange aberrations were assessed for human lymphocyte cells based on the finding of a lack of a deviation from a linear response at low doses in previous analysis [26] . The data sets for HZE particles considered doses predominantly below 1 Gy [18, 19, 26] thus minimizing possible high dose effects that can lead to downward or upward curvature in dose responses.
In the parametric track structure model [27] [28] [29] 34 ] the biological action cross section is given by:
where Z Ã is the effective charge number of the particle, and β is the particle velocity relative to the velocity of light. The constant α γ is the linear regression coefficient for acute doses of γ-rays for the same endpoint. The parametric form of (eq 7) is similar to the Katz cellular track structure model [35, 36] , however assuming an initial linear dose component for γ-rays for m>1. The value of m represents the so-called target number which can be fit to the γ-ray dose response data along with a radio-sensitivity parameter D 0 using
For RBE estimates against acute doses of γ-rays as the reference radiation, we consider α γ the low-LET slope estimated by assuming a linear dose response at higher doses. This approach is used in the NASA QF model in order to be consistent with the linear response model used to represent the Atomic-bomb survivor solid cancer incidence data [37, 38] , while in this report we follow a similar approach based on the experiments under consideration.
The value of Y 0 , track structure model parameters (σ 0 and κ) and NTE model parameters (η 0 and η 1 ) are fitted across all particle beams using nonlinear least-squares data fitting weighted by the inverse of the variance. Using the same approach the values of m and D 0 or alternatively α γ , are estimated using the data for γ-rays. All statistical analysis and data fitting were done using STATA/SE version 14.1 (Stata Corp.). The best fit for different models was determined using the Akaike information criteria (AIC) and Bayesian information criteria (BIC), which considers the number of parameters in each model, while the lowest AIC and BIC provides the best fit to data [39, 40] .
The functional form of the RBE function based on the linear or targeted effects assumption (TE), which uses a linear fit to acute γ-ray responses as the reference radiation is [27, 41] :
For the NTE1 model it is convenient to define a cross-over dose where the contributions from the TE and NTE terms in (eq 4) are equal:
The RBE in the NTE1 model is then a function of the particles absorbed dose, D and is given by [27, 41] :
A similar expression is found for the NTE2 model with the modifications for particle hits from (eq 5). At significantly low particle doses (<1 mGy) the NTE contribution should become negligible, and a further low dose modification would be needed as discussed below.
Results
We first consider the results for human lymphocyte cells exposed to γ-rays. Table 1 show the results of fitting γ-ray dose response data for the same volunteer used in the majority of HZE particle experiments for fixed values of m or allowing the value of m to be used as a free parameter. Prior results did not reveal a significant difference in the linear slopes for exchanges for the small number of volunteers used in these experiments [18, 19, 26] . Interestingly values of m = 2 and 4 for simple and complex exchanges, respectively, were found to give optimal fits and close to the value found with m treated as a free parameter (1.89±0.64 and 3.8±1.3 for simple and complex exchanges, respectively). These values would be suggested if the target number corresponded to the number of double-strand breaks (DSBs) required for each type of exchange. The values of m = 2 and 4 for simple and complex exchanges, respectively were used in the analysis of the HZE particle data and RBE predictions.
A linear dose response model fit to γ-ray data led to the coefficients, α γ of 0.157±0.027 Gy -1 and 0.015±0.006 Gy -1 for simple and complex exchanges, respectively in PBL cells.
The biological action cross section represents the probability of damage induction per particle. Fig 1 shows 750, 1000, and 5000 MeV/u) particles. In Table 2 we show the values of parameters resulting from these fits. The value of σ 0 which roughly corresponds to the geometric cross sectional area where damage occurs or saturation value of the cross section, was found as 17.7 and 22.9 μm 2 for simple and complex exchanges, respectively. These values represent a significant fraction of the nuclear area of the lymphocyte cells of~30 μm , with the value for complex exchanges somewhat larger than that found for simple exchanges.
Figs 2 and 3 show results of fitting linear and NTE's dose response models to experimental data for simple exchanges in 82-6 fibroblast cells for several HZE particle types and energies. The left panels of Figs 2 and 3 show the full dose range and the right panels focus on the lower dose Table 1 . Parameter estimates for γ-ray dose response data for simple and complex exchanges in human lymphocytes cells. Parameter and standard deviations (including p-values) for the same volunteer used in the majority of particle experiments are shown. Fits for fixed values of m or allowing the value of m to be used as a fitting parameter are described. Also shown are values for the Akaike information criteria statistic (AIC) and Bayes information criteria (BIC) statistic where models with the lowest AIC or BIC values provide the optimal fit to the data. The model providing the best fit to experimental data is shown in bold-face font. . Table 3 shows results for our comparison of the linear and NTE models to the HZE particle data. The NTE2 model provided the best fit based on the AIC and BIC criteria. In Table 3 a common Y 0 parameter is assumed for all particle beams in fits of each of the different models. The value of σ 0 of 6.75 μm 2 for the NTE2 is much smaller than found for simple exchanges in lymphocyte cells (17.7 μm 2 ), which likely reflects the geometric differences between the flat ellipsoidal and spherical shapes of fibroblasts and lymphocytes, respectively, or some underlying difference in radiosensitivity including differences in recombination events leading to exchanges for these two cell types.
Using the model equations and fitted parameter values, we are able to make predictions of RBE for all particle types versus kinetic energy or LET where we assume a linear fit to the effects of acute doses of γ-rays as the reference radiation, denoted as RBE γAcute . Fig 4 shows predictions for simple exchanges in 82-6 cells in the TE model and the NTE model for absorbed dose of 0.05 Gy (upper panel) and 0.02 Gy (lower panel), where RBE's are predicted to be much higher compared to the TE model. In the NTE model the RBE values are dosedependent down to a very low dose and limit to the TE estimate of RBE at higher doses (>0.2 Gy). A similar result was found for RBE's for Harderian gland tumors [13, 27, 41] . The RBE γAcute values are much lower than our previous reports estimating RBE max using low dose or dose-rate γ-ray responses as the reference radiation [18, 19] . Large RBE values (>30) for complex exchanges in lymphocytes occur due to the ineffectiveness of acute doses of γ-rays. Interestingly complex exchanges in 82-6 fibroblasts were rare events at low particle doses (<0.2 Gy) thus precluding dose response and RBE modeling.
Experiments investigating heavy ion induction of HPRT gene mutation in V79 Chinese hamster cells by several groups [21] [22] [23] [24] considered a large number of particle types and energies, which are compared to our results for chromosomal exchanges. We fit the TE model to data for biological action cross section for particles with charge number from Z = 1 to 28, while ignoring experiments with Z>28, which provides data for 45 particle type and energy combinations. Table 1 also shows the fits to the γ-ray data from Kiefer et al. [21] . Inter-laboratory differences in the γ-ray response occur and because the current focus is on HZE particles we used the Kiefer et al. γ-ray dose response data for RBE estimates. Table 1 We next considered a comparison of the values of κ obtained for the different surrogate endpoints in cell culture models. For comparison we also considered published values of fits to the neoplastic transformation experiments for 9 HZE particle type and energy combinations [25] with m = 2 and 3 fits made by Waligorski et al. [43] . Table 4 shows how values of κ vary with m for the different endpoints and the average value of κ for the different surrogate endpoints. The trend of a functional κ(m) relationship is similar to that of the probability distribution function (PDF) representing model parameter uncertainty assumed in the NASA QF model [27] where for m = 2, 3, and 4 subjective estimates of κ = 733, 550, and 440 are assumed, which are reasonably close to the average values obtained here of κ = 630±142, 534±81, and 439±91, respectively. However in the NASA model, the QF function assumed the value of m = 3 as the central estimate, while the present analysis suggest m = 2 is the best choice based on fits to published HZE particle experiments where a significant number of particle types were available to test model parameters.
Discussion
In this report we focused on the radiation quality dependence of RBE's for surrogate endpoints of cancer risk in cell culture models, and how RBE values are influenced by possible NTEs. Very few animal experiments of the dose response for tumor induction have been reported with particle beams [8] [9] [10] [11] [12] [13] [14] . Thus investigations of surrogate endpoints for cancer risk utilizing a sufficient number of particles (>5) play an important role in making an assessment of radiation quality for secondary cancer risk in Hadron therapy and space travel, which should be augmented with theoretical understanding of particle track structure and microscopic energy deposition. Our approach considered the parametric track structure model that is used in the NASA QF function [27] [28] [29] , which depends on particle kinetic energy and charge number and not LET alone as assumed in previous ICRP and NCRP considerations [2, 15, 16] . The NASA risk model has recently been updated to use acute doses of γ-rays as the reference radiation [28] , which results in a lower overall uncertainty in risk estimates [29] . The RBE's reported in this report use this same approach. Not all aspects of particle track structure are represented in this functional form of (eq 7), including the influence of the stochastics of particle tracks [44] and the role of differences in the energies of delta-rays [45] that occur between low and high velocity particles, which are possibly important because electrons are more biologically effective at low (< 10 keV) compared to higher energies [15] . However, the model allows for a dependence on both charge number Z, and kinetic energy, E, which is supported by experiments. Thus the predictions of Fig 5 result in a significant deviation of radiation quality dependence of LET alone. The value of σ 0 found for each endpoint study reflects the geometric area of the damage region for the Table 3 . Parameter estimates and standard deviations for several models fit to experimental data for 82-6 human fibroblast cells in linear and non-targeted (NTE) models. Shown are Akaike information criteria statistic (AIC) and Bayes information criteria (BIC) statistic values for the different models are for global fit for all particle data in this cell line with values in bold font providing best fit to data. P-values that indicate the significance of the parameters are shown in parenthesis. Relative Biological Effectiveness of HZE Particles endpoint. The value of σ 0 determined for complex exchanges was larger than for simple exchanges in human lymphocytes, which is reflective of the larger number of DSB's needed for complex exchange formation. A key aspect of the NASA model is to form probability distribution functions (PDF's) to represent uncertainties in values of parameters that enter into the model function. The present work contributes to making an objective assessment of PDF's for NASA QF function parameters as recommended in a review by the U.S. National Research Council [31] . The results of fits for simple and complex CAs in PBL were accurately represented by target numbers of m = 2 and m = 4, which suggests mis-repair of 2 and 4 double strand breaks, respectively are the dominant cause of these endpoints. Results for simple and complex chromosomal exchanges in PBL and fibroblast cells were compared to results of published studies for HPRT mutations and neoplastic transformation were a significant number (45 and 9, respectively) of HZE particle species and energies were considered. This comparison indicated that the values of κ parameter in the NASA QF function model is consistent with the average of the surrogate endpoint data considered, however the comparison also suggests the value of m = 2 is more accurate than the central estimate of m = 3 used in the NASA QF function. Thus the present analysis when combined with results for tumor induction after high LET radiation can be used to update the QF function model parameters and their associated PDF's of uncertainty.
In future work new experimental data on Harderian gland tumorigenesis [13] will be utilized to further consider these values. The outcome of these differences in QF function parameters can modify predictions of space radiation risks and shielding effectiveness evaluations, which depend critically on the QF function and its inherent uncertainties. Other parameters values corresponding to the maximum values of the QF function and the dose and dose-rate reduction effectiveness factor (DDREF) have been considered in recent reports based on published mouse tumor induction studies with γ-rays, particles and fission neutrons [27, 28, 46] . Our use of RBE-γ Acute instead of RBE max is consistent with approaches to model human epidemiology data [37, 38] , while reducing uncertainties in model parameters and avoiding controversies in estimating whether or not low dose and dose-rate γ-rays have a linear dose component.
The second focus of this report is to consider the relative contribution of TE and NTE's to simple exchanges in the 82-6 fibroblast cells and the resulting influence of NTEs on RBE predictions. Studies of NTEs including bystander effects and genomic instability in the progeny of irradiated cells [47] [48] [49] [50] [51] [52] [53] [54] [55] have challenged the traditional radiation protection paradigm of dose responses that increase linearly with dose, which are motivated by a DNA damage mutational mechanism or other targeted DNA effects. Bystander experiments for micronuclei, sister chromatid exchanges, neoplastic transformation and genomic instability in vitro suggests that NTE may occur with a shallow or nearly constant dose response above a very low dose threshold (<0.01 Gy) [53] . Experimental results at low doses (<0.1 Gy) of high LET radiation are sparse hindering the assessment of the relative contributions of TE and NTE to radiation cancer risk at low dose or for chronic radiation exposures. A linear dose response model can be argued on the basis of DNA damage and mutation concepts; however the experimental basis for a linear response model is not strong with very few experiments performed with multiple low doses defined as less than one particle per cell nucleus. Most studies have used higher doses or at most a single low dose, which precludes understanding the role of NTEs.
Our results (Fig 5) show that RBE's may be significantly under-estimated at low doses if NTEs occur. RBE's at doses of 0.05 and 0.02 Gy were chosen for comparison as these doses occur near the transition point where TEs (>0.05 Gy) and NTEs (<0.05 Gy) are predicted to dominate. At higher doses (>0.05 Gy) the results for the TE and NTE models become similar and independent of dose. A similar result is found for new studies of Harderian gland tumors induced by low doses of particle irradiation [13] . At sufficiently low doses we expect NTEs to diminish to zero. Prior studies suggest this would occur at absorbed doses of about 1 mGy or lower [47] [48] [49] [50] [51] [52] [53] [54] [55] . Further study is needed in this area to understand how RBEs should be modeled at very low doses and especially for modeling chronic radiation exposures. The published data for HPRT mutations or neoplastic transformation [21] [22] [23] [24] [25] did not consider a sufficient number of low doses to make an assessment of possible NTEs. However studies of HPRT mutations following α-particle irradiation found a significant bystander effect, while mutations in directly irradiated cell show predominantly large scale deletions and those found in bystander cells reveal primarily point mutations [47] . A more recent study by Liber et al. [55] of TK mutations in WTK1 lymphoblastoid cells exposed to several HZE particle types showed bystander effects using the medium transfer method. Similarly an increased frequency of spontaneous neoplastic transformation in the progeny of bystander cells has been reported following 56 Fe particle irradiation of C3H10T1/2 cell cultures [56] .
In conclusion, we have considered several experimental data sets for surrogate endpoints of cancer risk, including chromosomal aberrations, gene mutation and neoplastic transformation, focusing on experiments where a significant number (>5) of HZE particle dose responses were reported thus allowing for model fits of the radiation quality dependence of RBEs. Taken together our analysis of these data sets provides detailed information on how cancer initiation events such as large scale genomic rearrangements and deletions depend on radiation quality and dose. Unfortunately there is little data related to cancer promotion and progression and their dependences on radiation quality available for analysis. At this time, studies are inconclusive on whether or not NTE's will influence RBEs for tumor induction because of insufficient experimental studies at low dose (<0.1 Gy). However this topic is very critical for risk assessment in Hadron therapy and space travel. In future work the approach developed herein will be integrated with evaluations of more limited data for mouse tumor induction, including exploring the application of alternate models of particle track structure to represent radiation quality effects.
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